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We calculate the time-like pion electromagnetic form factor in the kx factorization for¬ 
malism with the inclusion of the next-to-leading-order(NLO) corrections to the leading-twist 
and sub-leading-twist contributions. It’s found that the total NLO correction can enhance 
(reduce) the magnitude (strong phase) of the leading order form factor by 20% — 30% ( 

< 15°) in the considered invariant mass squared > 5 GeV^, and the NLO twist-3 correc¬ 
tion play the key role to narrow the gap between the pQCD predictions and the measured 
values for the time-like pion electromagnetic form factor. 
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I. INTRODUCTION 

As a very important physical observable which may help us to understand the hadrons’ structure 
and the transition from the perturbative to the non-perturbative region, the electromagnetic (EM) 
form factor of the pion meson has been the hot subject of numerous experimental and theoretical 
investigations. 

During past four decades, the pion EM form factors[l] have been measured frequently by many 
groups [2-8]. The space-like pion EM form factor was firstly measured by the Harvard & Cornell 
collaboration in the range 0.15 < < 10 GeV^ of the electro-production processes in 1970s 

[2], and then measured by the DESY collaboration at the fixed point (Q^ = 0.35, 0.70 GeV^) 
in the similar processes almost at the same time [3]. In the new century, this space-like form 
factor was determined separately by the Jefferson Lab Collaboration in the region 0.60 < 
Q'^ < 1.60 and at the fixed point = 2.45 GeV^[4]. Eor the time-like pion EM form factor, 
Cyclotron Laboratory reported their result at the point = 0.176 GeV^ in the electro-production 
process[5], then NOVOSIBIRSK collaborations and ORSAY collaboration measured this form 
factor independently in the region 0.64 < < 1.40 GeV^[6] and 1.35 < < 2.38 GeV^ [7] 

through the annihilation process respectively. Recently, CLEO Collaboration also reported 
their precision measurements of this form factor at the relatively large q^ {q^ = 9.6, 13.48 GeV^) 
[8]. A comprehensive summary of experimental measurements for the time-like pion EM form 
factor can be found in Ref. [9]. 

On the theory side, pion EM form factors also attracted much attentions. The space-like one 
was studied at different energy regions in QCD by using the different approaches. Eor example, it 
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was investigated in high and intermediate energy region in Ref. [ 10] and Refs. [11,12] respeetively, 
while it’s asymptotie behavior at the extremely large was studied in Ref. [13]. In Refs. [14- 
16], the space-like pion form factor was studied carefully in the perturbative QCD theory, and it 
was also studied in the sum rules formalism[17]. For the time-like pion EM form factor[18], it’s 
high behavior was determined at and it was found that it is larger than the space¬ 

like one by a factor of 2 [19]. The Sudakov effect for the time-like form factor was discussed 
in Refs. [20, 21] and it’s found that the asymptotic behavior of the integrable singularity for the 
time-like form factor is the same as that for the space-like one. The conformal symmetry was 
also used to analyze the time-like form factor[ 22 ] and it is shown explicitly that the time-like form 
factor, which was obtained by the analytic continuation of the space-like one, satisfied correctly 
the dispersion relation. The light-cone QCD investigation recently[23, 24] showed that the effects 
of the power suppressed sub-leading twist’ and the genuine soft QCD correction’ contributions 
turn out to be dominant at low- and moderate-energies. 

With removing the end-point singularities by the Sudakov factors [25, 26], the kx factorization 
theorem[27] is successful to deal with the exclusive processes with a large momentum transfer[28]. 
In the fc-r factorization theorem, the space-like pion EM form factor was re-examined with the 
inclusion of the Sudakov suppression [29]. Three-parton contribution to pion EM form factor in 
kr factorization was also investigated in Refs. [30] and it’s found that such contribution is rather 
small in size and therefore can be dropped safely. 

After completing the NLO calculations for the space-like pion EM form factor at leading twist 
(twist-2) [31], the authors also studied the NLO twist-2 time-like pion EM form factor [32] and 
found that the NLO correction to the LO magnitude (strong phase) is lower than 25% (10°) at the 
large invariant mass squared q^ > 30 GeV^ at leading twist. In Refs. [33, 34], the authors calcu¬ 
lated the sub-leading twist’s (twist-3) contribution from pion meson distribution amplitudes(DAs) 
to the exclusive 5 — )■ vr transition form factors and the space-like pion EM form factor, and they 
found that this power-suppressed contribution is large in the low and intermediate q^ regions. In 
this paper, therefore, we will evaluate the NLO twist-3 contribution to the time-like pion EM form 
factor after the calculation for the NLO correction to the space-like pion EM form factor at twist-3 
level [34]. 

This paper is organized as follows. In Sec. II, we give the Leading order(LO) analysis for 
the time-like pion EM form factor. In Sec. Ill, the NLO twist-3 corrections to the time-like form 
factor will be calculated from the space-like one by analytical continuation. Sec. IV contains the 
numerical analysis of the NLO effects, and the conclusion will also be given in this section. 


II. LO ANALYSIS 


In this section we present the LO factorization formula for the time-like pion EM form factor 
and evaluate the contributions from the two-parton twist-2 and twist-3 pion meson DAs. The LO 
quark diagram for the relative time-like and space-like pion EM form factor corresponding to the 
process 7 * —)■ 7 r 7 r( 7 r 7 * —)■ tt ) are illustrated in Eig. 1(a) and 1(b), respectively. 

One should note that the kinetics for the time-like pion EM form factor are different from that 
for the space-like form factor, because the two mesons are both outgoing in Eig. 1(a), but one is 
incoming and another is outgoing in Eig. 1(b). In the light-cone coordinates, the momenta pi and 
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FIG. 1. The LO diagrams for the time-like (a) and space-like (b) pion electromagnetic form factor, with • 
here representing the electromagnetic vertex. 


P 2 in Fig. 1(a) are parameterized as 


Pi = (PmO,OT), P2 = (0,P2 >0 t); Pt=P2 
h = {Xipf,0,kiT), k2 = {0,X2P2,k2T), 


_g 

\/2’ 

Q^ = {Pl+P 2 )\ 


( 1 ) 

( 2 ) 


with being the invariant mass squared of the intermediate virtual photon, ki (^ 2 ) is the momen¬ 
tum carried by the valence quark (anti-quark) of meson Mi {M 2 ) with the momentum fraction xi 
{X 2 ) denoting the strength of the quark (anti-quark) to form the corresponding meson. Then the 
time-like (space-like) pion EM form factor Gt, {FG) can be specified through the following matrix 
elements [24]: 


e{pi-p2)i,G^{q^) = < vr^(p2)vr^(pi) | J^^{pi+P2) \ 0 >, (3) 

e(pi +P2)/.iv(Q^) = < vr^(p2) I J^^{pi -P2) I vr^(pi) >, (4) 

where is the EM current. The space-like momentum transfers in Eq. (4) is = —q^ = 
— {pi — P 2 )‘^, which is different from the time-like one as described in Eq. (2). 

Erom Eig. 1(a) and Eig. 1(b), one can write down the EO time-like and space-like hard kernels 





{xi,kirr,Q^) 


■ \^XiPif,(j)^{xi)(j)^{x2) 


—ieq32TTasCFNcQ‘^ 

{P2 + ki)^{k2 + ki)^ 

-2rl [( p 2 m + XiPif,)(l)^{Xi)(l)^{x2) - {p2tM - XiPif,)(f{Xi)(p^{x2)] 


ieq?)2'KasCFNcQ‘^ 

{P2 - ki)‘^{k2 - /ci)2 

+2rl [(p2m - xipif,)cl)^{xi) 4 )^{X2) - {p2il + Xipi^)clF{xi)(j)^{X2)] 


■ \^XiPif,(l)^{Xi)(l)'^{x2) 


},( 5 ) 

},( 6 ) 


where (j)'^{xi) and 0^’^(a:i) {(p^{x 2 ) and (j)^’'^{x 2 )) represent the twist-2 and twist-3 pion meson 
DAs for the corresponding meson with the momentum pi ( p 2 ), the chiral parameter is defined as 
Tq = with the chiral mass mo = 1.74 GeV. By comparing Eq. (5) with Eq.(6), we can find 

that the EO time-like hard kernel has the similar structure with that for the space-like one, the only 
difference is the direction of the valence quark momentum ki, which will flow into the internal 
propagators. Then we can obtain the EO time-like hard kernel from the space-like one by direct 
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replacement ——)■ for the internal propagators, which implied that the time-like form factor 
can also be obtained from the space-like one by analytical continuation from —Q^ to in the 
invariant mass squared space. This is the basic idea being used to calculate the NLO time-like 
pion EM form factor in this paper. 

The LO time-like and space-like pion EM form factor can be obtained by combining Eqs. (3,5) 
and Eqs. (4,6) respectively, and can then be written in the following forms: 




1287rQ^ • a,(/i) f 

(P2 + hyih + ^2)2 io 


dxidx2 




2T 


27r 27r 




- Xi(t)^{xi)(f)^{x 2 ) + 2rl [(1 - Xi)(i)^{xi)(t)^{X 2 ) + (1 + Xi)(t)^{xi)(f)^{X 2 )\ (7) 

1287rg4 •«,(/!) /“V , d^kird^ks 


dxidx2 


^2T 


27r 27r 


{P2 - hyih - k2y Jo 

■^Xi(j)'^{xi)(j)'^{x 2 ) + 2rl [(1 - Xi)(j)^{xi)(j)^{x 2 ) - (1 + Xi) 0 ^(xi) 0 '^(x 2 )] |. ( 8 ) 

The relation (j)^{x) = d(j)^{x)/6dx has been considered in the process to derive out Eq. (7). 

Eor the time-like case, the denominator in Eq. (7) is expanded as 


(p2 + kiY{ki -f ^ 2 )^ = {xiQ"^ - + ie){xiX2Q‘^- \ ki^ -f k2T P +*e), (9) 


and then the internal gluon/quark may go on mass shell, which will generate an image part in the 
hard kernel according to the principle-value prescription: 


k^ — P — ie 


= Pr- 




+ in ■ 5{k‘^ — P). 


( 10 ) 


But in the space-like case, no image part would appeared because the internal gluon/quark can’t 
go on mass shell because the denominator in Eq. (6) should be expanded as 


(p2 ~ ~ ^ 2 )^ — {xiQ^ -f ]i.‘lrp'^{xiX2Q'^-\- I kiT’ -f k2T 1^)- 


( 11 ) 


Now we consider the end-point behaviors of the EO form factors. Eor the elaboration, we here 
show the end-point behaviors in Eqs. (7,8) by using the asymptotic pion meson DAs only [34]: 

(j)J{x) = 6fnx{l - x), 0 ^( 0 ;) = /^, Plix) = U{1 - 2x). (12) 

Then the end-point behaviours of the integrands in Eqs. (7,8) can be expressed roughly as 


Q'^G^^\xi,Q^,kiT) a 


-9xiXia;2(l - a;i)(l - X 2 ) + r^(l - Xi - xf) 
(P2 + ki)^(ki + k2P 




(13) 

(14) 


where the first(second) terms in Eqs. (13,14) are the contributions arose from twist-2(twist-3) DAs. 
In the expansions of Eq. (14), the transverse momentum contributions in the internal propagators 
was absorbed into the effective momentum fraction Xj. Erom the expressions in Eqs. (7-14), one 
can see the following points: 
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(i) The contribution to the LO pion EM form factor from the twist-2 DAs, no matter for the 
time-like case or the space-like one, has no end-point singularity because of the cancelation 
of them between the denominator and numerator. The contribution arose from the twist-3 
DAs, however, will generate the end-point singularities, although they are power-suppressed 
by rl in the large momentum transfers region. The LO space-like form factor from the 
twist-3 DAs is behaved as l/xi, for example, the twist-3 DAs would give the dominate 
contribution in the small and intermediate momentum transfers region. 

(ii) Since the Sudakov factor from threshold resummation[26] can suppress effectively the end¬ 
point singularity from the twist-3 contribution, a rough estimate shows that the major con¬ 
tribution to the LO space-like form factor in Eq. (14) comes from the region of ~ 0.1 and 
X 2 ~ 0.5. Then the contribution to the LO space-like form factor from the twits-2 DAs will 
become as large as that from the twist-3 DAs at the point ~ 7.4 GeV^, which has been 
confirmed by the numerical result in Ref. [34]. 

(iii) The second terms in Eq. (13) is proportional io 1 — xi — x\, which is much larger than the 
second term in Eq. (14) since this second term is proportioned to x\ ~ 10“^. The end¬ 
point singularity for the time-like form factor induced by the twist-3 DAs, consequently, 
is much higher than that for the space-like one. The twist-3 contribution to the time-like 
form factor is then much larger than the twist -2 contribution in the low and intermediate 
region. Simple estimation shows that these two kinds of contributions may become similar 
in size in the high Q‘^ ~ 300 GeV^ region. 

By making the Eourier transformation for function Q'^G^^\xi,Q ‘^in Eq. (7) from the 
transversal momentum space (kj-r) to the conjugate-parameter space (bj), we obtain the standard 
double-b convolution LO time-like pion EM form factor[24, 32, 35]: 

pi poo 

Q‘^Gfj= / dxidx 2 / 1287rQ^ • Q!s(/i) ■ exp[—S'(a:j; Q;/i)] 

Jo Jo 

■{-Xi(j)^{xi)(j)'^{x2) + 2rl [(1 - Xi)(t)^{xx)(t)^{X 2 ) + (1 + X2)(t)^{xi)(t)^{X2)\ ■ 5'i(a;i)} 

■Ko{i'/xiJ^Qb2) ■ [Ko{y/a^Qbi)Io{y/a^Qb2)9{bi — 62 ) + (^1 ^ ^ 2 )], (15) 

where the Sudakov exponent S = S'(xi, 62 ; /r) -f S'(x 2 , 62 ; /r) is the kx resummation 

factor, the Sudakov factor St{xi) = St{xi) ■ St{x 2 ) refers to the threshold resummation factor, Kq 
and Jo are the Bessel functions: 

Ko{zz) = yJji'^(z^); = hI,^\z) = Mz) + zNo{Z); I,{z) = Uz). (16) 

Since the kx factorization theorem applies to processes dominated by small x contribution, so 
the NLO correction to the space-like pion EM form factor [31, 34] has been calculated with the 
hierarchy xiQ‘^,X 2 Q^ 3> XiX 2 Q'^,^^\ for convenience. Since there is no end-point singularity 
for the LO pion form factor from the twist-2 DAs, we can ignore the transverse momenta for the 
internal quark propagator safely for the twist-2 contribution as elaborated in Ref. [32], then the 
denominator for the first term in Eq. (7) is reduced to 

(P 2 + kiYiki + k 2 Y = XiQ‘^{xiX 2 Q‘^- I kir -f k 2 r P +ie). (17) 
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The LO time-like pion EM form factor from the twist-2 DAs can be written in a single-b convolu¬ 
tion formula as follows: 

pi poo 

Q^<^T2,/= / dxidx2 / bidbib2db2l28TTQ'^ ■ asifi) ■e'>^p[-S{xi,bi,Q-,fi)] 

Jo Jo 

■| - xi0^(a:i)0^(x2)| ■ Ko{iV^^Qb2)- (18) 

In Ref. [32], the authors confirmed that the numerical results of form factor in the standard double- 
b convolution of Eq. (15) is approximately equal to the value of single-b convolution of Eq. (18), 
which furthermore showed that the major source of the strong phase is produced by the internal 
gluon propagator for the twist-2 contribution. 

The EO time-like form factor from the twist-3 DAs, however, has a high power end-point 
singularity, the single-b approximation is therefore not valid for the twist-3 DAs’s contribution. 
So in the next section we have to calculate the NEO twist-3 hard kernel in time-like form factor 
by using the double-b convolution method. 


III. NLO CORRECTION TO THE TWIST-3 TIME-LIKE PION EM FORM FACTORS 


The EO analysis in the last section show that the time-like hard kernel can be obtained from the 
space-like one by the simple space transfer: ——)■ Q^. Because of the Eorentz invariant QCD 
theory, it’s believed that this analytical continuation should be hold at NEO. 

In kx factorization theorem, the NEO hard kernel for pion EM form factor is derived by taking 
the difference of the NEO quark diagrams and the convolutions of the EO (0{as)) hard 

kernel with the NEO {0{as)) effective diagrams for meson wave functions. Eor the space-like 
pion EM form factors as described explicitly in Refs. [31, 34], the ultraviolet divergences are just 
absorbed into the renormalized coupling constant ^^(/i) with the massless pion meson, the infrared 
divergences arose from the soft region are canceled by themselves in the quark diagrams, and the 
infrared divergences in the collinear region for the quark diagrams can be absorbed into the high 
order non-perturbative meson wave functions. 

Eor the time-like form factor, the NEO twist-2 hard kernel has been calculated in Ref. ([32]) 
and then the only unknown NEO correction at present is the one from the twist-3 DAs. With 
the NEO twist-3 space-like hard kernels calculated in Ref. ([34]), we can obtain the NEO twist-3 
time-like hard kernel by the analytical continuation ——)■ Q'^. Eor this purpose, we firstly define 
two types of EO twist-3 time-like hard kernels (Hp^ 2 ) proportioned to the lorentz structure 
(P 2 p,) from Eq. (5): 


kiT, Q^) = 


ieq‘i2'KasCpNcQ"^ 
{P2 + kiY{k2 + kiY 
ieq?>2'x UgCpNcQ"^ 
{P2 + kiy{k2 + kiY 


■ 2rlxipif, [(J^ixi) -1- 0^(xi)] (t)^{x2), 

■ ‘2rlp2p - (J^ixi)] (t)^{x2). 


(19) 

( 20 ) 


By substituting +ie for the momentum transfers of the virtual photon, and xiX 2 Q‘^ — (kiT -f 
kir)^ + ieixiQ"^ — k^j. -f ie) for the internal gluon(quark), we can obtain the NEO twist-3 hard 
kernels for the time-like tt+tt” production process from the NEO twist-3 space-like one[34]. The 
NEO twist-3 time-like hard kernels can then be written as the form of 


//^,3^ g(a:i,kiT,Q^/i,/i/) = /iT3,i(a:i,kiT,Q,/r,/i/) ■ kix, Q^) 

kiT, P,Pf) = hT3,2{Xi, kiT, Q, kiT, Q^). 


( 21 ) 

( 22 ) 
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By setting the renormalized and factorized scales both at the internal hard scale n = Hf = t, and 
using the follow relations, 


ln(—— ie) = In(Q^) — ivr, 

ln(k^-P — XiQ^ + ie) = ln(k^-p — XiQ'^) + i7r0(k^^ — XiQ"^) 
ln(k^ — xiX 2 Q'^ + ie) = ln(k| — xiX 2 Q^) + i7r0(k^ — xiX 2 Q'^) 

the relevant correction functions hT 3,2 in Eqs. (21,22) can be written as, 

agCp 


hT3,l{Xi,kiT,Q,t) = 


dvr 


4 io" 

9 

-- lnx2 - 


53, 23, , 1,2 

-Inoi,-Inx,-In Xo 

16 16 ^ 8 


ISTvr^ 

96 


412 

337 . 5 

-h tTl- 

64 2 


(23) 


(24) 


hT3,2{Xi, kiT, Q, t) — 


OisCp 

dvr 


4 ' U" 

ISvr^ 


41n(5: 


In^ x[ + 2 In X 2 


12 


24 


ln2 11 /7 , , 


(25) 


where In 5(2 = ln((kir + k 2 r)^ — XiX 2 Q‘^ + ie) — InQ^ and Inx'^ = ln(k^^ — XiQ'^ + ie). 

We can then obtain the NLO twist-3 time-like correction functions hT 3 ,i, hT 3,2 in the parameter 
space bi by the Fourier transformation from the transverse momentum space kj^ to bj space. The 
correction functions in b space takes the form of 


hT3,l{Xi,hi,Q,t) = 


hT3,2(,Xi,bi,Q,t) = 


OisCp 

dvr 


OtsCp 

dvr 


4 Vo" 

9 

--lnx2- 

9, 

4 


53 /4a:iX2\ 23 / 4xi \ 1 2 

32 V Q^bl ) 32 ) 8^"" 

1377r2 19 337 . 39' 

tTl - 


96 

- 21n 




64 


(26) 


7s 3. . 

— + -*7r 1 In 


In 2 11 


/ 4x1X2 \ 1 . 2 f 4xi \ 

\Q^bl) 8 ^[q%1) 

4xi 


21 nx2 - Y “ Y + 4^^ 


15 


- \- ITT \ -7k 

2 Id 2 ' 


(27) 


where 7 ® is the Euler constant. 

With the NEO twist-3 correction function in Eqs. (26,27) and the NEO twist-2 correction func¬ 
tion in Ref. ([32]), we can derive the NEO time-like pion EM form factor in kp factorization 
formula as. 


1287 rQ'‘ • q;s(/x) • / dxidx2 / 611(6162^62 ■ exp[-S'(xi; 6*; Q;/i)] 

Jo Jo 

■| - Xi(j)^{xi)(j)^{x 2 ) ■ hT2 + ‘Jrl [((/>^(xi) -f 0'^(xi)) (j)^{x 2 ) ■ hT3,2 

+Xi (0^(xi) - 0'^(xi)) (j)^{x2) ■ hT3,l] ■ 5't(Xi)| ■ KQ{iy/XiX2Qb2) 

■ [-(^o(\/^Q6i)/o(\/xiQ62)6'(6i — 62) -f (61 f-)- 62)], 


(28) 
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FIG. 2. The pQCD predictions for the magnitude and strong phase of time-like pion EM form factors 
induced by the twist-2 DAs 4>^. The Rome symbol “n”(‘T”) refers to the form factors calculated in double- 
b(single-b) convolution formula as described in Eq. (15) ( Eq. (18) ). 


where the NLO twist-2 correction function hT 2 derived from sing-b formula is expressed as the 
following form [32], 


hT 2 {Xi,b 2 ,Q,'t) = 


agCp 

Att 






4 V J 4 


In Xi In X 2 


17, 23 .71 

— Inxi H- h 7 k + *— 

8 16 ' 2 


In 


/ 4x1X2\ /13 

V Q^bl J ' " + 


177k 


i— 1 Inxi 


31, TT^ , , ln2 53 237 k 

-nx 2 -+ (1 - 27K)7r+-+- — 

16 2 ^ 4 8 


171 

71; + ^ 


JE 


• (29) 


IV. NUMERICAL RESULTS AND DISCUSSIONS 


In this section we present the numerical results for the time-like pion EM form factor induced 
by the distribution amplitudes with different twists at LO and NLO level. Non-asymptotic pion 
meson DAs as given in Eq. (30) with the inclusion of the high order effects are adopted in our 
numerical calculation. 




x(l 


A 

2\/6 

L 


X 


1 + 02 C 2 (u) + (u) 

5 


9 


1 + 30773 - Q (m) - 3 7)3U73 + (1 + Q (m) 


2v/6 


(1 - 2x) 


, 1 7 2 

1 + 6 ( 5773 - -773(^3 - — p ^ 


20 ' 


-pA j (1 “ 10^ + lOx^) 


, (30) 


where the Gegenbauer moments a^, the parameters 773 , cus and are adopted from Refs. [36-39]: 


02 = 0.25, O 4 = —0.015, Ptt = 7n^/?77o, 773 = 0.015, u >3 = —3.0, 


(31) 


with = 0.13 GeV, = 0.13 GeV, mg = 1.74 GeV. 

The LO and NLO pQCD predictions for the magnitude and strong phase of time-like pion 
EM form factor from the twist-2 and twist-3 DAs are illustrated in Lig. 2 and Lig. 3 respectively. 
By summing up the different twists’ contributions, the total pQCD prediction for these physical 
quantities are shown in Lig. 4. Lrom Lig. 2, Lig. 3 and Lig. 4, one can see the following points: 
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FIG. 3. The pQCD predictions for the magnitude and strong phase of time-like pion EM form factors 
induced by the twist-3 DAs 0^’^. The Rome symbol “H” refers to the form factors calculated in double-b 
convolution formula as described in Eq. (15). 




EIG. 4. The pQCD predictions for the magnitude and strong phase of time-like pion EM form factor as 
escribed in Eqs. (15,28) at EG and NEO level, As a comparison, those currently available measured values 
[6-9] for fixed are also shown in Eig. 4(a). 


(1) For the LO form factor induced by the twist-2 DAs, the single-b convolution formula is 
a good approximation for the region of > 30 GeV^ because the single-b convolution 
result is close to the standard double-b convolution result in this region. Of course, this 
approximation can be understood by the fact that the internal gluon propagator carry almost 
all the strong phase with no end-point singularity for this twist-2 case. 

(2) The NLO twist-2 correction to the magnitude (strong phase) of the LO twist-2’s contribution 
is smaller than 25% (10°) in the region of > 30 GeV^. The NLO twist-3 correction to the 
magnitude (strong phase) of the LO twist-3’s contribution is smaller than 35% (20°) in the 
region of > 5 GeV^. 

(3) At the LO level, because of the high power singularity, the twist-3 contribution is much 
larger than the twist-2 part in our considered region of 1 < g^ < 49 GeV^. So the obvious 
NLO twist-3 correction can enhance the LO pQCD prediction and therefore can improve 
the agreement between the pQCD prediction and the data, especially in the region of g2>5 
GeV^. The NLO correction with the inclusion of both twist-2 and twist-3 contributions can 





































10 


enhance (reduce) the magnitude ( strong phase) of the LO one by 20% — 30% (< 15°) in 
the region of > 5 GeV^. The NLO pQCD prediction for time-like form factor therefore 
become well consistent with the CLEO data in the of region of 5 < < 15 GeV^, as shown 

explicitly by the solid curve in Fig. 4(a). 

Our numerical result at LO is a little smaller than the one in Ref. [32], since we here used 
the different input DAs and the different choice of the QCD scale Xqcd- In Ref. ([32]), Xqcd is 
chosen at the fixed value 0.2 GeV. In this paper, however, the QCD scale is varying in the transition 
process according to the internal hard scale, and Xqcd is around 0.25 GeV here. 

In this paper, we firstly gave a brief review for the LO time-like and space-like pion EM form 
factor evaluated in the kx factorization theorem, and then we calculated the NLO twist-3 correction 
to the LO time-like pion EM form factor by making the analytic continuation of the NLO twist- 
3 space-like correction for the corresponding space-like form factor, and finally we made the 
numerical calculations for the time-like pion EM form factor with the inclusion of the NLO twist- 
2 and twist-3 corrections. 

From the numerical results about the LO and NLO pQCD predictions for the time-like pion 
EM form factor, we found that: 

(i) The LO twist-3 contribution is much larger than the twist-2 one since the high power end¬ 
point singularity; 

(ii) The NLO twist-2 correction to the LO twist-2 contribution for the magnitude (phase) is 
lower than 25% (10°) of the LO form factor in the region of g^ > 30 GeV^. The NLO 
twist-3 correction to the LO twist-3 contribution for the magnitude (phase) of the LO form 
factor is lower than 35% (10°) in the region of g^ > 5 GeV^. 

(iii) The total NLO correction with the inclusion of both the twist-2 and twist-3 contributions 
can enhance (reduce) the magnitude (phase) of the LO form factor by 20% — 30% (< 15°) 
in the region of g^ > 5 GeV^, and consequently the NLO pQCD prediction for the studied 
pion EM form factor become well consistent with the CLEO data. 
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